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A biological sensing structure with a high-order mode (Eél) is designed, which is composed of a suspended race-
track micro-resonator (SRTMR) and a microfluidic channel. The mode characteristics, coupling properties, and sensing
performances are simulated by using the finite element method (FEM). To analyze the mode confinement property, the
confinement factors in the core and cladding of the suspended waveguide for the Ej|, E}IYI, and Eﬁl are calculated. The
simulation results show that the refractive index (RI) sensitivity of the proposed sensing structure can be improved by using
the high-order mode (Ez1 ). The RI sensitivity for the E)él mode is ~ 201 nm/RIU, which is twice to thrice higher than those
for the E}; mode and the E;  mode. Considering a commercial spectrometer, the proposed sensing structure based on the
SRTMR achieves a limit of detection (LOD) of ~ 4.7 x 10~ RIU. Combined with the microfluidic channel, the SRTMR
can possess wide applications in the clinical diagnostic assays and biochemical detections.

Keywords: micro-resonator, suspended racetrack, biological sensor, limit of detection

PACS: 42.82.—m, 42.79.Gn, 87.85.tk, 07.07.Df

1. Introduction

Silicon is a main material for the design and fabrication
of photonic integrated circuit (PICs) due to the complemen-
tary metal-oxide semiconductor (CMOS) compatibility.!-!
Silicon-based photonic micro-resonators (MRs) have been
widely investigated in various research fields, such as op-
tical modulations, optical interconnects, wavelength conver-
tors, nano-linear optics, THz technology, optical detections,
and optical sensors.>! Furthermore, the large refractive in-
dex (RI) difference of silicon-based waveguide can greatly re-
duce the cross section of waveguide to nanometer scale, which
greatly reduces the amount of solution for detection. Hence,
the silicon-based MRs are widely adopted as sensors which
show great potential applications in the clinical diagnostic as-
says and biochemical detections. The silicon-based MRs in-
cluding ring, disk, racetrack, toroids, have been widely inves-
tigated due to their remarkable enhancements of light-matter
interaction and widespread applications in sensing, metrology
and nonlinear optics.10-13]

The racetrack micro-resonator (RTMR)-based sensors
rely on the evanescent waves, which spread into the surround-
ing medium to detect the presence of solutions or molecules.
The resonance characteristics and sensing performances of the
RTMR-based sensor can be adjusted by flexibly controlling

the coupling strength at the straight part in the RTMR. The im-
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provement in sensitivity of the RTMR-based sensor depends
mainly on loss, polarization, and the interaction between light
and the surrounding medium. Recently, several different ma-
terials, composite structures, and polarization states have been
investigated to enhance the sensitivity of the integrated RTMR.
An RTMR with the quasi-TM guided mode is investigated for
the RI and biological sensing. The design parameters are op-
timized to obtain the highest sensitivity (~ 270 nm/RIU) with
the help of the Multi-Project Wafer (MPW) foundries.['® To
enlarge the overlap between mode and the surrounding solu-
tion, silicon is replaced by silicon-oxy-nitride (SiON) for the
core material.!'”-!") The sensitivity of a single SiON-based
RTMR is ~ 434.94 nm/RIU with an ultrahigh figure of merit
(FOM) of ~ 4.6 x 10* RIU™!, and a dual SiON-based MR
can greatly improve the limit of detection (LOD) which is ~
1.81x % RIU. The porous silicon (PS)-based RTMRs are in-
vestigated for biosensing due to the advantages of the PS, such
as the large internal surface and biocompatibility.?>?!1 As a
porous material, PS is a favorable host to various molecules
and allows a direct interaction between the light and molecules
to be detected. A theoretical sensitivity of 1170 nm/RIU is cal-
culated, and the experimental results verify that a sensitivity of
~ 560 nm/RIU with a limit of detection of ~ 8 x 1073 RIU is
obtained. Combined with the subwavelength grating (SWG),
an SWG-based RTMR is proposed for ultrasensitive sensing
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with the TM mode.[??! The theoretical and experimental re-
sults demonstrate that a sensitivity of ~ 429.74 nm/RIU and a
limit of detection of ~ 3.71 x 10~ RIU are achieved by op-
timizing the structure parameters. A T-shape suspended sil-
icon nitride MR is experimentally demonstrated for an op-
tical sensing with a sensitivity of ~ 247 nm/RIU.[>}] Com-
pared with unsuspended sensing structures, the suspended MR
enhances the interaction between light and the surrounding
solutions. An RTMR sensor based on a plasmonic metal—
insulator-metal (MIM) structure is designed, which achieves
an RI sensitivity of ~ 4650 nm/RIU and a temperature sensi-
tivity of ~ 0.33 nm/°C.[?* The plasmonic structure greatly re-
duces the size of the sensing device, which can break through
the diffraction limit.

In this paper, a suspended racetrack micro-resonator
(SRTMR) with a higher mode (Eﬁl) is investigated by us-
ing the finite element method (FEM). Combined with the
microfluid channel, an SRTMR-based sensor operating at ~
1550 nm can be achieved. The suspended structure can en-
large the overlap between light and the surrounding solutions
to be detected, thus the sensing performances can be improved.
The mode characteristics including effective refractive index
and optical confinement factor are calculated with the two-
dimensional (2D) mode analysis. Using the three-dimensional
(3D) frequency-domain analysis, the sensing performances are
investigated. The rest of this paper is organized as follows. In
Section 2, the structure of the SRTMR and the analysis ap-
proach are demonstrated. In Section 3, the characteristics of
the SRTMR including the mode characteristics, coupling prop-
erties, and transmission properties are analyzed and optimized.
In Section 4, the sensing performances of the SRTMR-based
sensor are studied. Conclusions are drawn in Section 5.

2. Structure model and method

The schematic of the silicon-based SRTMR is shown in
Fig. 1(a). The suspended silicon layers (RI~ 3.5) are etched
above the bottom silica substrate (RI~ 1.45). Considering the
biological sensing applications, the surrounding dielectric of
the silicon layer is set to be aqueous solution whose RI is

port 2

fluid inlet

~ 1.33. The cross-section (xy plane) of the SRTMR is shown
in Fig. 1(b). As shown in Figs. 1(a) and 1(b). the bending
radius and straight part length of the SRTMR are R and Ly,
respectively. The width and thickness of the waveguide are
wo and hg, respectively. The height of the suspended struc-
ture above the silica substrate is #;. The gap between the bus
waveguide and MR is wy.

To evaluate the transmission performances of the
SRTMR, the quality factor (Q) and extinction ratio (ER) are
used, which can determine the spectral resolution and af-
fect the sensing performances in the measurement of spectral
shift.!>! The Q factor can be calculated from!20]

O=Ares / AdFwHM, (H

where A is the resonant wavelength and AAgpwpwm is the full
width at half maximum of the resonant peak. And ER is de-
fined as

ER = —10log, (P2max/P2min)7 @

where Pomax and Papin are respectively the maximum value
and minimum value of the output power from port 2 of the
SRTMR.

The sensitivity of an SRTMR-based sensor is defined by
the ratio between the wavelength shift (AA.) at the resonant
peak and the change of the solution RI (An,) as follows:

S = Ahres/Ane, 3

where A is the resonance wavelength of the resonance peak
and n. is the solution RI in the microfluidic channel. The sen-
sitivity can be calculated by using the linear fitting.[>”] The
mode characteristics and sensing performances of the SRTMR
will be investigated by the commercial software COMSOL
Multiphysics based on the FEM which is widely used to sim-
ulate the characteristics of integrated photonic devices. The
mode characteristics can be calculated by the 2D mode anal-
ysis, and the coupling properties, transmission properties, and
sensing performances can be simulated by the 3D frequency
domain analysis.

optical (b)
output yL
W, 2R wq | Wy | Wo T
ho

Si0, BEE Si

solutions

Fig. 1. Schematic diagram of suspended racetrack micro-resonator (SRTMR), showing (a) 3D model and (b) cross-section of coupling part.

114208-2



Chin. Phys. B Vol. 30, No. 11 (2021) 114208

3. Characterization of SRTMR
3.1. Mode characteristics

The mode effective RIs (n.f) of the guided modes in
the SRTMR with different values of wqy and hy are shown in
Figs. 2(a)-2(c) at an operating wavelength of 1550 nm, and
the field distributions of two fundamental modes and three
high-order modes are shown in Fig. 2(d). According to the
Marecatili’s method, the guided modes in a rectangular waveg-

. . o
uide are classified as two groups: Ej

mode and E},, mode,
where x and y each represent the direction of electrical polar-

ization, m and n are the numbers of the electric field maximum

(a) 3.0lwo= 400 nm
h1 =200 nm
2.5}F
£
2.0F
1.5F
0 200 400 600 800
ho (nm)
(c) 3.0| wo =600 nm
h1 =200 nm
25l E5
& En
g E3
2.0f Ef)
Ef
1.5F
0 200 400 600 800
ho (nm)

values along x and y axes. The E;,, mode and the E},,, mode
are also known as quasi-TE and quasi-TM mode, respectively.
The electrical polarization directions of the modes are shown
by the black arrows in Fig. 2(d). As shown in Figs. 2(a)-2(c),
the number of modes increases with /g increasing when wy re-
mains unchanged. When wy and % are chosen to be 400 nm
and 350 nm, only the first three low-order modes (E},, E{ 1
and EZI) exist in the waveguide. The mode effective RIs in-
crease sharply and then change slowly as A increases. The

modes will degenerate when h( and wy satisfy certain condi-

tions.
(b) 3.0l wo =500 nm
' h1 =200 nm
2.5}

TNeff

800

z y
En

EE

Y g
E21 E21

Fig. 2. Calculated mode effective RIs (n.s) and field distributions of guided modes (Ej,, E’1 s E{l, E3,, and Ef,) versus ho at wavelength of
1550 nm when A; =200 nm: wg = 400 nm (a), 500 nm (b), 600 nm (c), and (d) field distributions at wg = 400, hy = 350 nm, and &; = 200 nm.

In order to evaluate the optical field confinement, the con-
finement factor (I") is used, which is defined as?8]

_ naceo [, |E|2 dxdy
Jf.Re{E x H*})-¢,dxdy’

where np is the RI in the confinement region to be measured,

r “4)

c is the speed of light in vacuum, &) is the permittivity of
vacuum, F is the electric field, H* is the complex conju-
gate of the magnetic field H, and €, is the polarization vector
along the z axis. The Re{E x H*} returns to the real part of
ExH*.

The confinement factors of the core and cladding (I¢ore
and I (jadding) With different values of wo, ho, and h; are calcu-
lated and the results are shown in Figs. 3(a)-3(d). For the E7 |,
E{,, and E}, modes, Iior increases with h increasing from
150 nm to 800 nm, but I¢jaqding changes in a reverse way. The
I¢ore increases but I¢jadding decreases when wy increases from
400 nm to 500 nm. In Fig. 3(a), Iioe is higher than 97.7%,
and I¢jadding 1S less than 2.3% when A is 800 nm. In Fig. 3(b),

I¢ore 18 higher than 95.2%, and I¢jadding is less than 4.8% when
ho is 800 nm. In Fig. 3(c), Iiore is higher than 94.7%, and
Ijadding 18 less than 5.3% when hyg is 800 nm. To enhance the
interaction between the modes and surrounding solutions, it is
necessary to choose the high I¢jaqding and low Icore. Hence,
the smaller wy and hg are the best options. But the smaller
size of the waveguide will reduce the number of the guided
modes in the suspended waveguide as shown in Figs. 2(a)—
2(c). Considering a tradeoff between the above two, wg and
hg are set to be 400 nm and 350 nm. In Fig. 3(d), I¢ore and
I aading first increase and then hardly change with increase of
hi. Because the small /; results in more electric field energy
entering into the silicon substrate. The influences of 1 on I¢gre
and I ¢jaqding for the E; and E{l modes are less than that for the
E}, mode when h; is small. The I and Iijadding have no sig-
nificant increase when 4, is large. To enhance the interaction
between the modes and surrounding solutions, /; is chosen to
be 200 nm.
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Fig. 3. Confinement factors in core and cladding versus h; of SRTMR with different values of hg and wy for (a) E}; mode, (b) E’l | mode, and
(c) Eﬁl mode, and (d) confinement factors when wy = 400 nm and iy = 350 nm.

3.2. Coupling property

To demonstrate the coupling properties, the coupling sec-

tion of the SRTMR is illustrated in Fig. 4(a). The Eél mode is

excited from port 1 and output from port 2 and port 3. The in-
fluences of Ly on the outputs of port 2 and port 3 are illustrated
in Figs. 4(b) and 4(c). The normalized power of the outputs
from port 2 and port 3 are defined as T» = —10log;y(P./Pr)

port 3 ?

(a)
port 1
(b) 1.0 —— w; =100 nm ---w; =150 nm
----- wi; =200 nm --—--w; =250 nm

(d)

LA e
2 4 6 8 10 12 14 16 18 20
Lo (pm)
A B

port 2
1.0
(C) w; =100 nm ---w;=150 nm
----- wy, =200 nm wi =250 nm
0.8 —-+=-- w1 =300 nm wi =350 nm
w1 =400 nm
A
. 0.6 =
~
“ ‘\Q 'Y
e ~e el ST
02 4 6 8 10 12 14 16 18 20
Lo (pm)
16
(e)
14
12
ERT)
S 8
6
4
2
1

00 150 200 250 300 350 400
w; (nm)

Fig. 4. (a) Coupling section of SRTMR, (b) normalized output power of port 2, (¢) normalized output power of port 3, (d) field distributions of
Eyél mode at points A, B, C, and D, and (e) Lg versus wy.
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and T35 = —10log,(P3/P;), respectively. Here, P;, P, and
P; are the power of port 1, port 2, and port 3, respectively.
In the remaining simulations, 7> is also used to calculate the
transmission spectrum of the SRTMR, which is replaced by
T. As shown in Figs. 4(b) and 4(c), 7> and T3 are periodic sine
waves with reduced amplitude as Ly increases. The 75> has a
minimum value and the 73 has a maximum value when Ly is
~ 3 um (point A). The reverse happens when Lj is ~ 7 pum
(point C). The 7> and T3 are closely approximated when Ly
values are ~ 5 pm and ~ 10 pm (point B and point D). In
Fig. 4(d), the electric field distributions for the E}; mode are
illustrated at points A, B, C, and D. As shown in Figs. 4(b) and
4(c), the cycles of T, and 73 go up with the increase of wi. The
interaction length Ly at the first maximum 73 as a function of
wy is shown in Fig. 4(e). The longer L is necessary to obtain

a maximum 73 when w; increases.

3.3. Transmission properties

To study the transmission properties, the transmission
spectra of the SRTMR for the E},, E},, and E} | modes are sim-
ulated. The transmission spectrum from 1500 nm to 1600 nm
is shown in Fig. 5(a) when R = 2 um, Lo = 2.7 pum, and
wi = 100 nm. Using the Lorentz fit, four resonant peaks
are achieved in the transmission spectrum from 1540 nm to
1570 nm as shown in Fig. 5(b). According to the field distri-
butions of the modes, the peak 1 is the E]; mode, the peak 2
is the B}, mode, and the peak 3 and peak 4 are the E]; mode,
respectively. The influence of w; on T is shown in Fig. 5(c)
when R =2 pm and Ly = 2.7 um. With the increase of wy,
the resonant peaks drop. The peak 1 is slightly blue-shifted,
however the wavelength of peak 2 hardly changes. The peak
3 and peak 4 are significantly red-shifted and blue-shifted, re-
spectively. When wy increase to 250 nm, the peak 3 and peak
4 overlap into one due to the mode degeneracy.

(a) OFR=2 pm, Ly=2.7 ym, w; =100 nm

(b) 0¥ =w=torm F=zgm L=27m]  (c) oD F=2 g 1 =100
a6} AT = N
__—10 ;
% 0.4F
&~ —20 0.2}
_30l oF peak 1 - - - peak 2
------ peak 3 ---—..peak 4
- - s s ——— —25¢ . .
1500 1520 1540 1560 1580 1600 1540 1550 1560 1570 1540 1550 1560 1570
A (nm) A (nm) A (nm)
d) 1000 p T T T n15 800 n12 f) 1000
(1000 (e) ()
I 4 800} .
800 600 . =
e 600
< 600} A 3
400¢ & 400 =
400 f Sy
200l 200
200 [ J . . . . . . . . . . . . " . . . . Jo
100 150 200 250 300 350 400 100 150 200 250 300 350 400 %00 150 200 250 300 350 400
wy (nm) wy (nm) wy (nm)

Fig. 5. (a) Transmission spectrum when R =2 pm, Lo = 2.7 pm, and w; = 100 nm, (b) fitting peaks of transmission spectrum, (c) transmission spectrum
with different values of wy, Q, and ER with different values of w; when Ly = 2.7 um (d), 5.4 um (e), and 9.6 pum (f).

The transmission spectra of the Ef; mode and the E{ |
mode have been widely investigated. Here, we focus on the
transmission response of Eél mode. To explain the changes
of Q and ER, the critical coupling of the SRTMR is used
which indicates that the internal loss of the resonator is equal
to the coupling loss induced by the bus waveguide. Then, the
SRTMR will be at under-coupling or over-coupling state when
the internal loss is greater or smaller than the coupling loss.
Figures 5(d)-5(f) show Q and ER with different values of R,
Ly, and wy. In Fig. 5(d), Q increases but ER decreases with the
increase of w; when R is 2 wm and Lg is 2.7 pum. The critical
coupling condition is satisfied when w; is ~ 100 nm. How-
ever, the coupling loss decreases when w; increases, which
breaks the critical condition. The SRTMR goes into the under-
coupling state and results in the decrease of ER. When R in-

creases to 4 um and 6 um, the internal losses in the SRTMR
increase, and the critical conditions are broken. The SRTMR
is at the over-coupling state with a small w; due to the high
coupling loss. In order to return to the critical coupling state,
the coupling loss should be reduced. As shown in Figs. 4(b)
and 4(c), T increases and T3 decreases with the increase of w
when Ly = 2.7 um, which reduces the coupling losses. Hence,
the SRTMR reaches the critical state again when wy increases
to ~ 250 nm and ER has a maximum value. As shown in
Figs. 4(b) and 4(c), 7> has a minimum value and 73 has a max-
imum value when Ly =~ 5.4 pm and w; =~ 200 nm. The
corresponding coupling loss is the biggest, and the resonator is
at over-coupling state. Therefore, there are smaller ERs when
wp is ~ 200 nm as shown in Fig. 5(e). When w; increases
or decreases from 200 nm, 75 increases and the corresponding
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coupling losses decreases as shown in Fig. 4(b). The SRTMR
reaches the critical coupling state, whether w; increases or de-
creases from 200 nm. When R = 2 pm, the critical coupling
state occurs when w; values are ~ 150 nm and ~ 250 nm.
The critical coupling states of the SRTMR with R values of
4 wm and 6 pwm are achieved when w values are ~ 100 nm
and ~ 350 nm, respectively. Owing to the periodic changes of
T, and T3 with wy, the changes of ER and Q are more com-
plex when Ly is 9.6 um as shown in Fig. 5(f). The SRTMR
is in the over-coupling state when w; is ~ 300 nm. When
wy increases from 300 nm, 7, increase monotonically. Hence,
the critical coupling state of the SRTMR occurs when wy is
larger than 350 nm. The Q has a maximum value when wy is
~ 170 nm but ERs have no maximum values. Because 73 does
not linearly change when w is less than 300 nm. The Q can
be improved when the SRTMR goes into the under-coupling

ﬂuidﬂinlet

& microfluidic

fluid channel
reservoir

state from the over-coupling state, which can be achieved by
reducing the coupling loss or increasing the internal loss.

4. Sensing performances

In applications, the sensing structure based on an SRTMR
can be designed as shown in Fig. 6. The SRTMR is immersed
in the flowing solution which is injected into the microfluidic
channel from the fluid inlet.[*”) Meanwhile, the probe optical
signal can be coupled into (out of) the optical input (output)
of the bus waveguide from (into) an optical fiber via an in-
plane grating coupler.3%! The solutions with different RIs (r
values) are pumped into a fluid reservoir, and flow along the
microfluidic channel through the suspended micro-racetrack
into another fluid reservoir. Here, the RI (n.) value of the bio-

logical and chemical solutions both vary from 1.33 to 1.41.

fluid Qutlet

optical P

output | |

T sensing fluid =
region reservoir

optical input

Fig. 6. Schematic diagram of sensing structure based on SRTMR combined with microfluidic channel.

The SRTMR can be fabricated on an SOI wafer
by using the standard CMOS technique and nanoimprint
technique. 3% To fabricate a partly suspended structure, an
additional etching for the silica substrate should be carried out
under being carefully controlled.[*>-**1 The SRTMR can be
sealed with a pre-fabricated flexible microfluidic channel.[*%!
The microfluidic channels can be fabricated with polyethylene
(PE), polypropylene (PP), polydimethylsiloxane (PDMS), SU-
8, and PMMA, which can ensure fluidic confinement within
the channels, easy interconnection with external microfluidic
control devices, simple and inexpensive fabrication, and good
ability to handle a variety of specimen sizes from biological
applications. 36401

The transmission spectra of the E5; mode with various
values of n, and Ly for R = 4 um are shown in Figs. 7(a),
7(c), and 7(e). The transmission spectra are significantly red-
shifted as n. increases from 1.33 to 1.41. The extinction ratio
of the resonant peak significantly decreases with n. because
the SRTMR goes into the under-coupling state from the crit-
ical coupling state when Ly = 2.7 and 5.4 um. When Ly is
9.6 um, ER increases with n. increasing due to the periodic

changes of 7> and 73. The resonant wavelengths as a func-
tion of n. and the linear fittings are shown in Figs. 7(b), 7(d),
and 7(f). The RI sensitivities with different values of Ly and R
are shown in Fig. 7(g). The highest sensitivity of 201 nm/RIU
can be achieved when R =4 pum and Ly = 2.7 um. For com-
parison, the sensitivities of the suspended micro-racetrack res-
onator (R =4 um and Ly = 5.4 um) with the E};, mode and
the B}, mode are also shown in Fig. 7(g). The sensitivity with
the B}, mode is twice to thrice higher than those with the E},
and E}; modes.

In addition to S, the limit of detection (LOD) is another
important performance indicator, which is defined as!*!]

LOD =61 /S, &)

where 8A is the resolution of a spectrometer, which charac-
terizes the smallest possible spectral shift for accurate mea-
surement. For a commercial spectrometer, A is ~ 0.001 nm.
The sensor based on the SRTMR achieves an LOD of ~
4.7 x 107 RIU. The RI sensing performances of the sensing
structures based different racetrack resonators are listed in Ta-
ble 1.
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Fig. 7. Sensing performances of SRTMR, transmission spectra of Eﬁl mode with different values of n. at a fixed R of 4 um and Ly = 2.7 um (a), 5.4 um (c),
9.6 um (e), the changes of A with n¢ at Ly = 2.7 um (b), 5.4 um (d), 9.6 um (f), and RI sensitivity contrast (g).

Table 1. Comparison of RI and temperature sensing performances among different configurations.

Materials Modes @ Aes (nm) Waveguide size R (um) Lo (pm) S (nm/RIU) ne LOD (RIU) Refs.
Neli TM@~1550 650 x 165 nm? 40 13.15 270 1.333-1.343 ~12x1073 [16]
Silicon E), @~ 1550 400 x 350 nm? 4 2.7 201 1.33-1.41 ~47%x107%  [this work]
Silicon TM@~ 1550 600 x 220 nm? 10 6.5 4297 1.333-1.362 ~3.71%x107* [22]
Porous silicon TE@~ 1550 1.9 x 1.8 um? 100 70 560 Anc=17x103  ~79x107° [20]
Porous silicon TM@~ 1550 1.8 2.5 pm? 70 25 1170 1.369-1.374 ~15%x1074 [21]
SiON TM@~ 850 1.0 x 0.24 um? 40 100 112 Ang =6x10"* ~1.6%x107° [42]
SiON TE@~ 850 1.0 x 0.3 pm? 100 35 80 Ane =8x 1074 ~3x1076 [43]
SiON TE@~ 850 1-pum width 19 35 435 Ane=137%x10"*% ~427x1073 [19]
SiON TE@~ 850 1-um wide 19 35 434.94 1.332-1.352 ~421 %1073 [17]
Silicon nitride TE@~ 1550 1.3x0.31 um? 20 40 247 1.316-1.364 ~63x1074 [23]
SiO,N, TE@~ 850 1.0 x 0.22 um? 90 35 84 1.330-1.481 ~1.48x107* [18]
Gold on cytop  plasomic mode@~ 1550 5.0 x 0.04 um? 50 50 1200 1.32-1.34 ~8x1077 [44]
Ag-air-Ag plasomic mode @~ 5000 50-nm width ~0.3 0.04 4650 1-1.1 ~43%x1072 [24]
5. Conclusions and E}, modes. The limit of detection is ~ 4.7 x 10~% RIU

. . . when a commercial spectrometer is used. In order to achieve

In summary, a biological sensing structure based on the . . . . . o .

) i ] ] ) ] flexible biochemical sensing, a microfluidic channel is com-

SRTMR is designed for biological sensing. To improve . . : . o
L . . bined with the SRTMR, which can have potential applications

the sensitivity, the suspended structure with high-order mode

(Eﬁl) is studied. By using the finite element method (FEM),
the coupling property and sensing performances are simulated.

in the clinical diagnostic assays and biochemical detections.
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